A high-resolution atmospheric radiocarbon record has been obtained for the interval of 17-36 kyr from U/Thdated aragonite sediment of Lake Lisan. Reservoir age corrections were applied with reservoir ages of 200, 1250, and 2000 yr, which correlate with the different water levels of the lake. The present 14 C record for Lake Lisan shows near resemblance with that of Lake Suigetsu: both converge to the value of ∆ 14 C ~0‰ at 32 kyr cal BP. Both also show significant differences compared to other reported high-resolution 14 C records (e.g. Iceland Sea, Cariaco basin, and Bahamas speleothem). This inconsistency should be addressed by re-assessment of the basic assumptions behind the determination of calendar ages of the various records.
INTRODUCTION
The ratio of 14 C to 12 C in atmospheric carbon dioxide, which is the basis of radiocarbon dating, is not constant but varies due to changes in the 14 C production as well as changes in the carbon cycle. Thus, 14 C dating requires a calibration curve for transforming 14 C ages to calendar years. Many laboratories contributed to the present calibration curve INTCAL98 (Stuiver et al. 1998) , which is a detailed record of 14 C age versus calendar age for the interval of 0 to 24 kyr cal BP. The interval between 0 to 11.9 kyr cal BP has been established from 14 C ages of tree rings identified from dendrochronology, while the portion from 11.9 to 24 kyr cal BP relies mainly on corals and marine sediments. However, while the tree-ring archive yields a direct relation between the 14 C age (recorded as the atmospheric ratio of 14 C to 12 C) versus identified calendar age, other archives are hampered either by problems with reservoir age determination or by incorrect calendar age identification (e.g. sedimentary hiatuses, problems in precise U-Th dating).
Coral samples have been used to derive calendar ages from 7-41 kyr cal BP by combining U/Th dating and accelerator mass spectrometry (AMS) 14 C ages . The atmospheric 14 C/ 12 C ratio has been deduced from the corals, assuming a constant marine reservoir age of 400 yr. However, the coral data in combination with floating chronologies yield a detailed calibration curve between 11.9 and 16 kyr cal BP, but for the older ages, the coral data are scarce, and for the interval of 16-24 kyr cal BP, INTCAL98 uses a spline function through the coral data points.
Other detailed 14 C records with ages >24 kyr cal BP have been reported, but could not be used for INTCAL98 because of lacking consensus on their validity. Figure 1 shows detailed ∆ 14 C records for the interval of 15-45 kyr cal BP (all with 1-σ errors) from sediments of the Iceland Sea (Voelker et al. 1998) , the Cariaco Basin (Hughen et al. 2004) , Lake Suigetsu (Kitagawa and van der Plicht 1998) , and a Bahamas stalagmite (Beck et al. 2001) . Also shown are the coral data and the prior data from Lake Lisan (Schramm et al. 2000) with corrected 14 C ages in Haase- Schramm et al. (2004) . The various records agree reasonably well for the interval of 15-25 kyr cal BP, but for the higher ages, large discrepancies are present. The Lake Suigetsu record shows lower ∆ 14 C values than the other records, whereas the stalagmite record shows higher ∆ 14 C values than the others. The 14 C records, as determined from foraminifera of the Iceland Sea and the Cariaco Basin laminae, are similar, which may be expected as both age scales, has been derived by matching the stable isotope records with the GISP2 ice core. In spite of the large differences between the records, it is remarkable that all agree with coral data. The data points for Lake Lisan (Haase- Schramm et al. 2004 ) also agree with the coral data and with the data for the Iceland Sea and the Cariaco Basin.
In this paper, we extend the pioneering work of Schramm et al. (2000) with a high-resolution record of Lake Lisan, the Last Glacial Dead Sea, which existed between 14-70 kyr cal BP (Kaufman 1971; Haase-Schramm et al. 2004) . During its highest stand (~170 m below mean sea level), the lake covered a large area of the Jordan-Arava Valley from the Sea of Galilee in the north to Hazeva in the south (Begin et al. 1974) . The lake deposits consist of millimeter-thin laminae of aragonite and fine silty detritus, plus gypsum and thicker clastic layers. The annually-laminated authigenic aragonite recorded U and 14 C and, thus, provides an excellent opportunity to generate a high-resolution 14 C record for ages larger than 15 kyr cal BP, which can be compared with the other published 14 C records, illuminating the way to achieve consensus among these apparently conflicting records.
METHODS
Samples were taken from the sedimentary section PZ1, located in the Perazim Valley (southwest of the present Dead Sea), which was used to determine the high-resolution U-Th chronology (Haase- Schramm et al. 2004) . The lithology and geochemistry of this section has been thoroughly studied and described (Stein et al. 1997; Haase-Schramm et al. 2004) . Aragonite samples were prepared from 1-2 individual laminae scratched from individual sediment blocks that were sampled continuously along the PZ1 section. The average spacing between consecutive samples is 7 cm, corresponding to ~100 yr. Two wood pieces were found within the aragonite, allowing for direct comparison between organic and inorganic carbon. The 14 C analysis was performed at Utrecht University (van der Borg et al. 1997) . Acid evolution of CO 2 from the carbonate samples was carried out in an evacuated glass line. Wood samples received an HCl wash to remove carbonate traces before they were combusted to CO 2 . The collected CO 2 from the samples was then converted into graphite for 14 C analysis. U-Th ages on the PZ1 sedimentary profile were determined by Haase-Schramm et al. (2004) , who provided detailed explanation of the analytical and calculation procedures to achieve 230 Th-234 U of Lisan aragonite. The calendar age of the aragonite samples was obtained using the age-height regression relation t = 1.400 h + 68.54, with h the height in the PZ1 section in meters and t the calendar age in kyr. The 1-σ error in the calendar age was estimated at 400 yr.
RESULTS AND DISCUSSION
The measured 14 C ages of the aragonite samples form a record of the bi-carbonate that was provided to the lake by the incoming runoff and spring water (Stein et al. 1997) . The corresponding atmospheric 14 C record is obtained by correcting the aragonite ages with the reservoir age of the lake at the time the aragonite was deposited. With the 2 samples of wood remains found within the aragonite layers, we assume to derive reservoir ages the corresponding ages. Table 1 shows the 14 C ages measured for the wood and aragonite samples. We determine the calendar age of the aragonite samples from the sample position using the above-mentioned U-Th regression. Assuming a negligible age for the wood when it became locked in the sediment, we obtain reservoir ages of 1250 ± 180 yr at 23.0 kyr cal BP and 200 ± 500 yr at 32.7 kyr cal BP. Previous analyses of aragoniteorganic debris pairs from the same horizon suggest a higher reservoir age of 1260 to 2000 yr Figure 1 Comparison of high-resolution 14 C records versus calendar age from macrofossils of Lake Suigetsu, of sediments of the Iceland Sea and the Cariaco Basin, of a Bahamas stalagmite, of corals, and of aragonite from Lake Lisan. ? 14 C [‰] Cariaco Basin Islandic Sea Bahamas stalagmite Lake Lisan HS Lake Suigetsu Corals
Iceland Sea (average = 1600 ± 250 yr) for the high-stand period of the lake between 19 and 26 kyr cal BP (see data and discussion of the relation between the reservoir ages and the hydrological-limnological conditions in Stein et al., these proceedings).
Using these various reservoir ages, we determine the atmospheric 14 C record for Lake Lisan, expressed as ∆ 14 C values ( Table 2 ). The table includes the height in the section, the calendar age as calculated from the U-series age regression relationship, the estimated reservoir age, and the corresponding ∆ 14 C values. The uncertainty in the calendar age from U-Th dating for the sample series is smaller than the 400-yr uncertainty deduced from the regression analysis. The average spacing for the samples in the regression analysis was 130 cm, while the average spacing in the high-resolution record is 7 cm. As the regression analysis assumes a constant sedimentation rate, which is likely the largest source of error, the age uncertainty for the sample series is proportional to the spacing, resulting in an average error of 20 yr. Figure 2 shows the present ∆ 14 C record for Lake Lisan corrected for variable reservoir ages (VR). The dashed line indicates the effect in ∆ 14 C due to deviation from the 1250 yr reservoir age. The present Lake Lisan ∆ 14 C record agrees with the Lake Suigetsu record until 33 kyr cal BP (the best fit with Lake Suigetsu data is obtained for Lisan reservoir ages of 2000 yr between 20.9 and 25.2 kyr cal BP, and 200 yr between 32.1 and 36.0 kyr cal BP). Structures at 18, 22, 31, and 32 kyr cal BP are recognized in both records. Clearly, the structures at 18 and 22 kyr cal BP are not represented well by the INTCAL98 curve. The close correspondence of the 14 C record of lakes Lisan and Suigetsu lends support to the varve counting of the latter in this interval. This means that the ∆ 14 C ~0‰ observed in the Lake Lisan record at 32 kyr cal BP is confirmed by the 14 C record of Lake Suigetsu, where no reservoir age effect plays a role in the 14 C data obtained from macrofossils. The new Lake Lisan record agrees with both the coral data, except for the coral data point at 30 kyr cal BP, and the Lake Lisan HS data (Haase- Schramm et al. 2004) , except for the data point at 27 kyr cal BP. At 34 kyr cal BP, the Lake Suigetsu record shows a number of different ∆ 14 C values (Figure 1 ) which may be indicative of a depositional hiatus. A 2-kyr hiatus would shift the data points to higher ages and higher corresponding ∆ 14 C values ( Figure 2 ) in agreement with Lake Lisan data.
While the 14 C record of Lake Lisan resembles the Lake Suigetsu record, both are different from the ∆ 14 C values Bard (1998) modeled, based on the paleomagnetic compilation by Guyodo and Valent (1996) and the 10 Be production compilation by Frank et al. (1997) . The present Lake Lisan record shows a maximum ∆ 14 C of ~450‰ at 25 kyr cal BP and a minimum ∆ 14 C of ~0‰ at 32 kyr cal BP, while the model of Bard indicates steadily increasing ∆ 14 C values toward a maximum ∆ 14 C of 350‰ at 30 kyr cal BP. Obviously, other parameters play a role in the 14 C record. The ∆ 14 C ~0‰ at 32 kyr cal BP deduced from lakes Lisan and Suigetsu suggests that the production of 14 C was similar at that time to the present day or the same combination of production with the global reservoir carbon exchange prevailed. This matter, which we regard as a fundamental observation, requires further study and modeling.
The similarity of the ∆ 14 C records of lakes Lisan and Suigetsu lends support to the validity of both calendar chronologies up to 34 cal ka BP, but for ages >25 kyr cal BP, their ∆ 14 C values are clearly lower than the 14 C records of the Iceland Sea, the Cariaco Basin, and the Bahamas stalagmite. In the case of the stalagmite record, the reservoir age of 1450 yr, as derived for the interval of 11-16 kyr cal BP, was assumed for the whole age scale, which may not be justified. However, even zero reservoir age would not be sufficient to reduce the 14 C vales sufficiently for matching the other 14 C records. Only overestimation of the calendar age record can explain the difference with the Lake Lisan record. Reduction of the calendar age scale of the Iceland Sea and the Cariaco Basin-which were both determined from correlation with the GISP2 core-by 3% and the stalagmite by 5-10%, is sufficient to obtain a reasonable consensus with the present Lake Lisan record (Figure 3) . Such a shift could indicate a wrong age assessment for the records of the Iceland Sea and the Cariaco Basin, which both depend on comparison with GISP2 data. In the case of the speleothems, the age assessment depends completely on the assumptions regarding the reservoir age and those related to the presence of initial Th and 234 U/ 238 U as well as the closed-system condition. The study of the behavior of the U-Th and 14 C system in the Lisan aragonite certainly indicated that unlike pristine corals, the initial Th factor can cause shifts in the U-Th calendar ages (Haase- Schramm et al. 2004) .
CONCLUSION
We established a high-resolution 14 C record for Lake Lisan for the interval of 17-36 kyr cal BP by analyses of authigenic aragonite and application of variable reservoir ages determined by aragoniteorganic debris pairs from the same stratigraphic horizons. The calendar ages of the aragonites were determined by U/Th (Haase- Schramm et al. 2004) . Reservoir age variation ∆ 14 C (‰) Figure 3 Comparison of 14 C records of the lakes Lisan and Suigetsu with the modified 14 C records of the Iceland Sea, the Cariaco Basin, and the Bahamas stalagmite. In the modified records, the calendar age scale was modified for ages >25 kyr cal BP by 3% for the records of the Iceland Sea and the Cariaco Basin, and 5-10% for the Bahamas stalagmite. Ice la n d S e a L a ke S u ig e ts u P re s e n t L a ke L is a n (VR ) C a ria co B a s in B a h a m a s ta la g m ite C o ra ls
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The present 14 C record of Lake Lisan resembles that from Lake Suigetsu. This observation supports both the validity of the varve counting used for the calendar age scale for Lake Suigetsu up to 33 kyr cal BP, and the use of variable reservoir ages in the Lake Lisan record.
Both the Lisan and Suigetsu records converge to ∆ 14 C ~0 at 32 kyr cal BP, suggesting an atmospheric production rate similar to present-day conditions or the same combination of production with the global reservoir carbon exchange.
The Lake Lisan and Suigetsu records do not show agreement with the modeled 14 C record, taking into account the effect of the geomagnetic field on the 14 C production. They also do not agree with the 14 C records of the Iceland Sea, Cariaco Basin, and the Bahamas stalagmite. However, a reasonable consensus with these other records is obtained by reducing the calendar age scale by 3% for the records of the Iceland Sea and the Cariaco Basin, and 5-10% for the Bahamas stalagmite.
